Abstract: Pyrogenic organic matter (PyOM) is considered as a technique to improve soil fertility and store carbon (C) in soil. However, little is known regarding soil organic C and nitrogen (N) mineralization in PyOM-amended soils. To investigate the relationship between the C and N mineralization rates and the possible consequences in terms of C storage and N availability, we incubated ryegrass-derived PyOM (pyrolyzed at 450°C) enriched in 13C (4.33 atom %) in a forest Cambisol for 158 days with and without mineral N addition. We determined PyOM and native soil organic C mineralization, NH"4 and NO3 contents in the soil, gross N mineralization, phenol-oxidase and protease activities, and microbial biomass throughout the incubation experiment and the incorporation of PyOM in microbial biomass at the end of the experiment (158 days). We determined that 4.3% of the initial PyOM-C was mineralized after 158 days. Moreover, PyOM induced a strongly positive priming effect within the first 18 days; a negative priming effect was observed from Days 18 to 158. The initial increase in organic matter mineralization corresponded to a higher gross N mineralization and NH+4 content in the PyOM-treated soil than in the untreated soil. Ammonium was rapidly transformed into nitrate and stored in this form until the end of the experiment. We conclude that the presence of PyOM affected the mineralization pattern of native soil organic matter mineralization and increased mineral N content, while N addition did not influence PyOM or soil organic matter mineralization. 
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The 13 C-labeled PyOM had a 13 C value of 4.33 atom % (Table 1) ; we have assumed that 13 C 141 was uniformly distributed within the plant because it was grown in an atmosphere enriched in 142 13 C-CO 2 from the first emergence of a leaf. 143
Incubation setup

144
We sampled the top 10 cm of a Cambisol in a clearance of a temperate forest on Laegeren 145
Mountain (NW of Zurich, Swiss Plateau, 800 m asl., Ruehr et al. 2009 ). The characteristics of 146 the soil are summarized in Table 1 . The soil was sieved fresh through a 2-mm mesh. The 147 equivalent of 80 g dry soil was weighed into crystallizing dishes (Duran, Germany) 70 mm in 148 diameter and placed inside a sealed 1.8-liter jar (Korken, IKEA). In the vessels the soil had a 149 bulk density of 0.7 g cm -3 , and no effect of PyOM was observed on bulk density. The soil was 150 pre-incubated at 27 °C for 23 days prior to the beginning of the incubation. The temperature 151 and soil moisture were kept constant throughout the entire incubation period at 27°C and 70% 152 of the water holding capacity, respectively. The soil moisture content was periodically 153 adjusted (fluctuations in the soil moisture content were therefore generally lower than 1% 154 weight). A bottle containing 20 ml of water was placed inside the jar to maintain the humidity 155 saturation of the air. The incubation consisted of a 2x2 factorial experiment with the following 156 treatments: soil control, soil + PyOM, soil + mineral N, soil +PyOM + mineral N. Nitrogentreatment corresponds to an addition of 25 µg N-NH 4 NO 3 g -1 dry soil at the beginning of the 158 incubation. This quantity is equivalent (considering the top 15 cm of the soil) to 53 kg N ha -1 , 159 which is in the range applied yearly in two well-known field experiments on N deposition 160 (Aber et al. 1998; Egli et al. 1998) . N was added from an aqueous solution containing 161 approximately 181.32 mg N-NH 4 NO 3 l -1 . We added an equivalent amount of water to the 162 control soils. 163
At the beginning of the incubation we added the equivalent of 13 mg PyOM g -1 dry soil to 164
PyOM-treated vessels and all samples were mixed thoroughly. This quantity was equivalent 165
to an addition rate of 27 t ha -1 , considering an application to the first 15 cm of the soil and a 166 bulk density of 1.4 g cm -3 . Unlabeled PyOM was added to vessels to be extracted after 4, 18, 167 46 and 88 days whereas 13 C-labelled PyOM was added to the vessels to be extracted on the 168 last sampling date, i.e., after 158 days. On days 4, 18, 46, 88, and 158 after incubation started, 169 soils were sampled for analysis of mineral N content (NH 4 + and NO 3 -), gross N mineralization 170 (see section 2.4) and microbial biomass (see section 2.5). Phenol-oxidase and protease 171 activities and soil pH were measured on days 4, 46, and 158 (see section 2.5). 172
CO2 efflux and partitioning
173
CO 2 efflux and 13 C-CO 2 were monitored throughout the incubation experiment. CO 2 efflux 174 from the soil was trapped in bottles containing 20 ml of 1 M NaOH and subsequently placed 175 in the jars. The amount of CO 2 trapped as sodium carbonate (Na 2 CO 3 ) was estimated by 176 measuring the decrease in conductivity using the linear model described by Wollum and 177 Gomez, (1987) and recently applied by Abiven and Andreoli, (2010) . A set of blanks (n=4) 178 was also measured to account for the CO 2 initially present in the container; both the quantity 179 of CO 2 emitted and the isotopic signal were accordingly corrected. The jars were opened onlyremoved and substituted with new ones so that on each date we could measure the cumulative 182 CO 2 emitted from the sample. 183
Briefly, the 13 C-CO 2 was measured by precipitating trapped CO 2 with BaCl 2 as described in 184 Gaillard et al. (2003) . An aliquot of 5 ml of NaOH solution was added to 10 ml 1 M BaCl 2 , 185 and subsequently filtered (<0.45 µm cellulose acetate filter paper, GVS, Bologna, Italy). The 186 precipitates remaining on the filter were then dried, crushed with a spatula, and an aliquot of 187 approximately 5 mg was used for the 13 C analysis using an isotope mass ratio spectrometer 188 (Delta S, Thermo Finnigan, USA). To partition the origin of the trapped CO 2 between the 189 native soil organic matter and PyOM, we used a two-source isotope mixing model equation: 190
where f is the fraction of CO 2 derived from PyOM, The subscripts indicate the extraction time. Estimated gross N mineralization rates were 241 similar in the two time intervals, i.e., 2-24 and 24-72 hours (paired t-test, p>0.05). Therefore, 242 the assumption of zero-order kinetics of gross N mineralization was met in the present 243 experiment and we calculated an average value of gross N mineralization across the two time 244 intervals. 245
Enzyme activities, pH and microbial biomass
246
Protease activity was measured using casein as substrate as described by Alef and Nannipieri, 247 (1995); phenol-oxidase was measured using a di-phenol (3,4-diidrossi-l-fenilalanina, also 248 named L-DOPA) substrate as described by Carreiro et al. (2000) . Although other substrates 249 have been proposed to assess phenol-oxidase, e.g., guaiacol, a mono-phenol (Nannipieri et al. 250 1991), and others (Baldrian, 2006) , we used L-DOPA because it is the most adopted substrate 251 in environmental studies and has a very high sensitivity (Sinsabaugh, 2010) . Both reactions 252 were performed at pH 8.2. Soil pH was measured in a 1:5 soil:water (fresh weight:weight) 253 mixture after shaking and subsequent sedimentation for 12 hours. 254
Microbial C and N were measured by the fumigation-extraction method (Vance et al. 1987) in 255 which 10 g of fresh soil were fumigated with alcohol free chloroform in a desiccator for 24 256 hours. The samples (both fumigated and non-fumigated) were then extracted using a 1 M KCl 257 solution. The total organic C (TOC) and total N in the fumigated extracts were analyzed using 258 a TOC-TN analyzer (TOC-V, Shimadzu Corporation, Japan). Microbial C and N 259 concentrations were determined by subtracting C and N in the non-fumigated treatment from 260 C and N in the fumigated treatment and multiplying by a factor of 2.64 (Vance et al, 1987) . 261
We also determined the fraction of the microbial biomass derived from labeled PyOM on the 262 last sampling date (158 days). An aliquot of 10 ml from the fumigated and non-fumigated 263 extracts was freeze-dried and the resulting material was measured for underestimation may be pronounced, it is of minor importance in our experiment, as the ratio 275 between the PyOM-C and soil organic carbon ratio was 7 times lower than reported in Liang 276 et al. (2010) . Therefore, we expect that the underestimation of the microbial biomass due to 277
PyOM sorption of lysed cells will have a minor effect. 278
Statistical analyses
279
The effects of PyOM and N addition were tested using a two-way analysis of variance 280 (ANOVA) for all variables, except for CO 2 effluxes, where repeated measures two-way 281 ANOVA was adopted. Two-way ANOVA were also performed separately for each sampling 282 date. When data were not normally distributed according to the Shapiro normality test 283 (p>0.05), the data were log transformed. The Kruskal-Wallis test was adopted instead of 284 ANOVA, if also log-transformed data were not normally distributed. When time was a 285 significant factor, we performed a Tukey-post-hoc test to determine which sampling dates 286 were significantly different. All computations were performed using the statistical software R. 287
The "agricolae" package was used to perform the Tukey test; the "ezANOVA" package was 288 used for the repeated measures ANOVA. 289 PyOM increased the total soil respiration within the first 18 days and decreased it afterwards 295 (Figure 1 a) . Neither PyOM nor N addition altered the total net cumulative soil respiration 296 over 158 days of incubation (Table 2) . After 158 days, PyOM-C losses as CO 2 were 4.3±0.1 297 and 4.4±0.1% of the added PyOM-C, with and without N addition, respectively. Most of theduring the incubation; the cumulative mineralization at the end of the experiment was also not 301 affected (Table 2) . We fitted a two-pool exponential decay model to our PyOM mineralization 302 data (Equation 3) and found no significant differences in the mean residence times (Table 3)  303 between N addition treatments. The fast pool represented 3.3% of the initial PyOM-C and had 304 an MRT of 2 days; the slow pool had an MRT of 40 years (Table 3) . Over the 158-day period, 305 the presence of PyOM inhibited cumulative native organic matter mineralization (p<0.05, 306 Table 2 ), i.e., it induced a negative priming effect equivalent to 10.09 ± 3.08 or 13.53 ± 3.11% 307 of the soil respiration in the control treatment with or without N treatment, respectively. to PyOM addition was only significantly different on days 4, 18, and 88 (p<0.05). We did not 318 find an effect of PyOM or N addition on microbial biomass N and the microbial C:N ratio 319 (Table 1 , supplementary material). The fraction of PyOM-derived C recovered in the 320 microbial biomass after 158 days was 0.45±0.03 and 0.47±0.02% (t-test, p<0.05, Table 2 ) 321 with and without N addition, respectively, corresponding to 0.07± 0.01 and 0.08 ± 0.01% of 322 the initially added PyOM-C, with no significant difference between the N addition treatments. 323
Results
Nitrogen cycling
Mineral N content in the soil increased significantly after PyOM addition (p<0.05), mineral N 325 addition (p<0.05) and over time (p<0.05, Figure 2 a C was decomposed after 52 days. We believe that the difference between the two studies is 359 due to the different edaphic conditions. Specifically, they incubated PyOM in a B horizon 360 poorer in organic C (3.4 mg C g -1 soil), and most likely also less microbial biomass compared 361 to our study. Also the PyOM characteristics may have played a role. In fact their PyOM was 362 produced at a lower temperature and was characterized by a higher C:N ratio. Hamer et al. 363 (2004) incubated ryegrass-derived PyOM and microbial inocula in quartz sand and found that 364 only 0.8% of PyOM-C was decomposed after 60 days. This confirmed that soil 365 characteristics, e.g., microbial structure, and aggregation play a crucial role in determining 366
PyOM stability. We fitted a two-pool decomposition model to our PyOM mineralization data 367 (Figure 1 b) and observed that PyOM had a fast pool with a turnover time of 2 days, 368 equivalent to 3.3% of PyOM-C, and a slower pool, with a turnover time of 40 years (Table 3) . 369
These values are in agreement with previously reported PyOM turnover times determined 370 from a meta-analysis for grass-derived PyOM in incubation studies by Singh et al. (2012) . 371 2013). The release of CO 2 from carbonates is also reflected in the pH decrease over time 375 (Figure 1, supplementary materials) , decreasing as PyOM-carbonates were consumed. Using 376 the two-pool model, we predict that the quantity of PyOM remaining in the soil after 100 377 years (which is the minimum permanence requested by many C reduction schemes) will be 378 8% of the initial PyOM-C. Such a relatively fast decomposition rate would represent a 379 challenge for the use of PyOM as a tool to store C in the soil. Nevertheless, caution is 380 necessary when using exponential decomposition models to predict the long-term stability of 381
PyOM. In fact, models calibrated on short-term experiments capture only the initial fast 382 decomposition rate of PyOM and therefore they may overestimate PyOM decomposition 383 (Singh et al. 2012) . resulting in a lower availability of the assay for the targeted enzymes and therefore in a 392 decrease of enzymatic activity. A decrease in phenol oxidation due to sorption on mineral 393 surfaces was also observed by Scott et al. (1983) . It is important to consider that the assay 394 method used in the present study (L-DOPA, an o-diphenol), although widely used, is only one 395 of the plethora of assays that have been employed to measure phenol-oxidase activity. It is 396 most likely that it does not cover the entire range of enzymes involved in the oxidation of 397 phenols or related molecules, e.g., the aromatic structures forming PyOM.
Microbial biomass and soil respiration decreased over time (Figure 1 d) , as it has been shown 400 in many models using microbial biomass to predict soil respiration (Fang et characterized by a lower microbial efficiency, and hypothesized that this was due to a relative 414 increase in bacteria instead of fungi in the microbial community. In fact, bacteria are known 415 for being characterized by a lower efficiency. This hypothesis was not confirmed in the 416 present study where a significant change in microbial biomass C:N was not observed (Table  417 1, supplementary material), a commonly used indicator of the fungal:bacterial composition of 418 microbial biomass (Fierer et al. 2009 ). (Figure 1 supplementary material) . However, we 467 observed a change in the direction of priming after 18 days. Therefore, we can only speculate 468 that the change in soil pH was not the prevailing factor responsible for the change in the 469 native soil organic matter mineralization after 18 days. The most often cited explanation for 470 the negative priming effect is that PyOM adsorbs organic matter on its surfaces (Liang et al. Cambisol incubation in which different substrates were added. We also observed that PyOM 477 caused a decrease in the phenol-oxidase activity (Figure 3 ). This could have contributed to a 478 decrease in mineralization of more condensed compounds. However, such decrease was 479 already observed in the first sampling date when the positive priming effect was observed. 480
Moreover, we believe that such a decrease was more likely an artifact of PyOM sorption of 481 the assay (see section 4.1). Thus, we can only speculate that the reduction in phenol-oxidase 482 may have contributed to the negative priming effect in the second part of the experiment. nitrification rates in burned forest soil compared to unburned. They suggested that PyOM 514 removed nitrification inhibitors, e.g., phenols, derived from shrubs growing in the understory. 515
In the present study, nitrification seemed to be limited by its substrate NH 4 + rather than by the 516 presence of phenols. Bruun et al. (2012) found that PyOM induced a net N immobilization, 517 while in our study we observed that PyOM induced a net N mineralization. This discrepancy 518 can be explained by the different C:N ratio of the two PyOM (40 and 47, Bruun et al. 2012 519 versus 9 in the present study). These findings confirm the importance of C:N to predict N 520 mineralization in soils amended with PyOM or other substrates (Mary et al. 1996) . The 521 increased N mineralization was not accompanied by an increase in protease activity (Table 2) . 522
This is in agreement with the N mining theory that postulates that higher N availability 523 decreases the decomposition of the recalcitrant fraction of a substrate only when it is poor inMoreover, the unchanged protease activity in the presence of PyOM might also be because 526 casein is an assay representative of high molecular weight compounds, while the organic 527 matter decomposed at the beginning of the experiment was more likely composed of soluble 528 low-weight N molecules rather than relatively less soluble large molecules. 529
Conclusions
530
We incubated ryegrass-derived 13 C-labeled PyOM for five months in the topsoil of a 531
Cambisol with and without additional N amendments. The PyOM was characterized by a 532 narrow C:N ratio, and mineralized relatively fast. Therefore its efficiency as C-sink in soil 533 system would be rather limited. PyOM promoted native organic matter mineralization during 534 the first 18 days and inhibited it afterward. We suggest that the positive priming effect 535 resulted from an increase in the activity of soil microflora or from the shift in pH following 536
PyOM addition. While negative priming effect may follow from depletion of available C or 537 from the adsorption of organic matter on PyOM surfaces. Our initial hypothesis that N 538 addition may decrease PyOM decomposition via depressing phenol-oxidase activity was not 539 confirmed. On the contrary, PyOM decreased the potential activity of the enzyme, most likely 540 by partly adsorbing the assay. The initial positive priming effect was concurrent to an increase 541 in gross N mineralization and NH 4 + content. The latter was rapidly nitrified in our soil system. 542
We believe that our results were strongly influenced by the characteristics of the PyOM used, 543 which was characterized by a notably narrow C:N ratio and by the presence of an easily 544 decomposable C-pool. Therefore, we conclude that special attention needs to be paid to 545 PyOM characteristics when evaluating the effect of PyOM on soil C and N dynamics. 
